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Introduction
Kelvin probe force microscopy (KPFM) is a widely used technique to measure the contact potential difference (CPD) between an atomic force microscope (AFM) probe and a surface [1] . KPFM has seen extensive use characterizing semiconductors [2, 3] , oxide material properties [4, 5] , photovoltaic devices [6] , and biomolecules [7, 8] . KPFM is intrinsically limited by the long range of the electrostatic interaction [9, 1] . The result of long-range contributions is that the electrostatic contribution from the region just below the tip is a small part of the entire interaction [10] , and extreme care must be taken to remove topographic artifacts [11, 12] . Despite these limitations, atomic resolution has been achieved by operating in high vacuum to make the instrument sensitive enough to detect vibration amplitude with precision ~ 10 -4 nm and frequency shifts at ~ 5 parts in 10 7 [13, 14, 15] . In addition, specialized probes have been developed to improve the resolution of KPFM operating in ambient conditions, such as probes with carbon nanotubes adhered to their tip [16] and cantilevers with their higher mechanical resonance modes engineered to minimally impact KPFM measurements [17] .
Coaxial AFM probes can improve KPFM by confining the electric field to a small region at the tip of the AFM probe. Figure 1(a) illustrates the need for field confinement with an axisymmetric electrostatic simulation (Maxwell 2D -Ansys Inc.) in which an unshielded conducting tip is held at 1 V near a grounded substrate. The electrostatic potential φ varies in the whole region, denoting widespread high electric field. In contrast, figure 1(b) shows φ simulated near the tip of a coaxial probe where the core conductor is held at 1 V and the shell and substrate are grounded. The field is confined to the region at the tip of the probe. The improvement in confinement is evident in figure 1(c) in which the electric fields 50 nm below the coaxial and unshielded probes are plotted as the black and red lines respectively.
Both curves are peaked directly below the probe but the field from the coaxial probe falls off much more quickly and does not exhibit the long range shoulders visible for the unshielded probe. The improvement in field confinement makes coaxial probes capable of improving the spatial resolution of any electrostatic force microscopy technique. Previously, coaxial probes have been used for scanning near field microwave microscopy [18] , scanning conductance microscopy [19] , and imaging with dielectrophoresis [20] .
In this paper, we demonstrate enhanced spatial resolution KPFM with coaxial probes, such as the probe shown in figure 2. We begin by describing how KPFM is modified with the addition of a shell electrode and present a method to measure the true CPD despite the complication of the shell electrode.
The experimental apparatus and technique used to fabricate coaxial probes are then described. Coaxial probes are calibrated to remove the effect of the shell and we find the behavior of the probes to be in agreement with our electrostatic model of coaxial probes. Finally, we demonstrate KPFM imaging with coaxial probes and demonstrate a factor of 5 improvement in spatial resolution relative to an unshielded probe.
KPFM with coaxial probes
KPFM provides a measurement of the contact potential difference (CPD) v 12 between a conducting AFM probe and a sample [1] . The tip and sample are capacitively coupled with capacitance C 12 , and a voltage V 1 = V DC + V AC sin(2πft) is applied to the probe while the sample is grounded, with potential V 2 = 0. The application of V 1 leads to an electrostatic force F that acts to reduce the tip-sample separation z. The force has a component oscillating at frequency f whose magnitude is given by:
By setting f to the cantilever's principle vibrational resonance frequency f 0 , the force F f drives the vibrational resonance mode of the cantilever. The vibration amplitude A may be nulled by adjusting V DC with feedback. The value of V DC when A is minimized is defined as the Kelvin voltage V K , and we see that 12 for a uniform sample, providing a measure of the tip-sample CPD.
The addition of a coaxial shell electrode complicates the electrostatic picture of KPFM, as shown in figure 3(a). There is now a tip-shell capacitance C 13 and a shell-sample capacitance C 23 in addition to the tip-sample capacitance C 12 . The introduction of these capacitances is similar to the "stray capacitance problem" in the scanning Kelvin probe literature, a non-AFM based technique to measure CPD [21, 22, 23] . Figure 3 Care must be taken to remove the electrostatic effect of the conducting shell to perform KPFM with a coaxial probe. The electrostatic force is proportional to the derivative of capacitances with respect to tip-sample distance z, so we define . By adjusting the control voltages in KPFM, it is possible to perform KPFM with a coaxial probe and still attain an accurate measurement of the tip-sample CPD. We apply voltages V 1 = V AC sin(2πft) to the probe, V 2 = V DC to the sample, and V 3 = V S to the shell. Since an AC voltage is only applied to the tip, only terms with or will appear in F f . We can again adjust V DC to set A = 0 and we find the
where v 13 is the tip-shell CPD. The second term is the contribution from the shell electrode, which can include topographic artifacts, because depends on z, as seen in figure 3(d) . As demonstrated below, it is possible to measure the contact potential difference v 12 without the influence of the shell, by zeroing the second term by setting the shell voltage to .
Experimental
Coaxial AFM probes such as the one shown in figure 2 are fabricated by a technique similar to previously reported methods [24, 20, 25] . 
Results
Before using a coaxial Kelvin probe to measure the contact potential difference (CPD), it is necessary to remove unwanted shifts in the Kelvin voltage V K caused by the shell. From equation (2), one can see that these shifts can be removed by adjusting the shell voltage to the value where is the contact potential difference between the coaxial core and the shell. Experimentally, one can calibrate the tip voltage at this value by finding the shell voltage at which the measured Kelvin voltage V K is independent of the tip-sample separation z. Figure 5 demonstrates the calibration procedure using Kelvin probe data recorded by a coaxial probe scanned above a uniform gold film. Figure 5(a) shows the mean Kelvin voltage V K over a 10x10 µm 2 scan at a height z = 100 nm. The Kelvin voltage V K increases linearly with shell voltage V S , as predicted by equation (2); the standard deviation in V K is smaller than the size of the points. Figure 5(b) shows how V S can be calibrated by measuring ΔV K vs. V S at three values of z. Here where = (5.0 x V S ) -481 mV is the linear fit to the data at z = 100 nm shown in figure 4(a) . The data for ΔV K vs. V S for three straight lines with different slopes, and they intersect at the same shell voltage = 1184 ± 1 mV. When , the second term in equation (2) is zero, and the effect of the shell electrode is removed.
The measured slopes of V K vs. V S agree with our electrostatic model of coaxial probes:
equation (2) predicts . Figure 4 (c) shows measurements of taken from the slope of the measured Kelvin voltage V K vs. the shell voltage V S for five coaxial probes. To compare these measurements with theory, we use our simulations for and from figure 3(d) . We include a constant contribution to from deformation of the cantilever capacitor [26] , which for identically prepared probes is ~ 0.1 aF/nm. The simulated cantilever-sample interaction is ~ 0.03 aF/nm, roughly an order of magnitude smaller than an unshielded cantilever. The simulated ratio shown by the line in figure 4(c), is in good agreement with our observations. 
Discussion
Simulations of the electric field profile produced by unshielded and coaxial probes above a conducting substrate are shown in figures 7(a) and 7(b) for a range of tip-sample separations z. These simulations show that the spatial resolution of coaxial probes is determined by the tip geometry, and demonstrate how a coaxial probe can be resistant to topographical artifacts. For the unshielded probe ( figure 7(a) ), the electric field distribution narrows considerably as z is decreased from 50 nm to 10 nm.
Decreasing z improves the spatial resolution, but this also means that variations in z will strongly affect the point-spread function of the measurement, leading to topographical artifacts. In addition, broad shoulders to the electric field profile still exist when the height z is equal to the tip radius of 10 nm, adding long-range contributions to any electrostatic measurement. For the coaxial probe ( Fig. 7(b) ), decreasing z causes the electric field profile to adopt a nearly trapezoidal shape with a width that is simply the diameter of the core conductor. Away from the core, the field rapidly decays toward zero across the insulator thickness. The relative insensitivity of the field profile to z makes this technique resistant to topographical artifacts.
We have demonstrated that coaxial AFM probes can perform Kelvin probe force microscopy with enhanced spatial resolution. A theoretical model for performing KPFM with a coaxial tip to measure the tip-sample contact potential difference has been developed. Coaxial AFM probes with 50 nm electrode spacing at the tip were fabricated and tested with a commercial AFM. Unwanted shifts in the Kelvin voltage by the shell electrode can be avoided by calibrating the shell bias voltage V S to give the same Kelvin voltage V K at different tip-sample separations z. We find that coaxial probes have the following advantages: they reduce capacitive coupling between the cantilever and the sample, decrease topographical artifacts, and improve the spatial width of a transition from one material to another, from ~ 1.6 µm to ~ 300 nm in our experiments. The spatial resolution of a coaxial tip can be improved by creating tips with thinner insulating layers and finer centre conductors. The dielectric breakdown strength of SiNx films is ~ 0.5 V/nm, [27] so insulators as thin as 10 nm would be sufficient to withstand typical voltages in an KPFM measurement. One method for creating centre conductors of nearly atomic sharpness would be to polish the multilayer tip on an abrasive conducting surface during fabrication until electrical contact is made between the centre conductor and the surface. The blunt shape of these tips could be a disadvantage for topographical imaging, although for the relatively flat samples studied here, we did not notice any degradation in topographic image quality. In order to preserve tip sharpness for topographical imaging, one could mill the tip at an angle or use a chemical etch to create retain a protruding centre conductor.
Coaxial probes improve the spatial resolution by confining the electric field to a region near the end of the tip which means that coaxial probes promise to improve the quality of any imaging technique that is based on the electrostatic interaction. It is important to reiterate that this is a demonstration of the improved performance of a coaxial probe over a standard probe rather than an attempt to surpass state of the art resolution in KPFM measurements. The mm-scale resolution resulting from the imaging parameters and unshielded probe used in this work are not uncommon for ambient AM-KPFM measurements. [28] Lower drive amplitudes or decreased tip-sample separations are also commonly used and provide greatly improved resolution. [29] As discussed in the introduction, many techniques exist for performing KPFM with enhanced resolution [13, 14, 15] including reducing the tip-sample separation, [28] operating in vacuum, [30] and using frequency modulation (FM) rather than amplitude modulation. [28, 30] Coaxial probes may be used in vacuum and are compatible with FM-KPFM so in principle they could be used to improve the spatial resolution in these modalities. As a further potential improvement, it is possible to employ a one-pass technique where the surface potential and topography are measured simultaneously. [14] Figure Captions 
